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The Nano-Scale Mechanical Properties of the
Extracellular Matrix Regulate Dermal Fibroblast
Function
Volker F. Achterberg1,4, Lara Buscemi2,4, Heike Diekmann1, Josiane Smith-Clerc2, Helge Schwengler1,
Jean-Jacques Meister2, Horst Wenck1, Stefan Gallinat1 and Boris Hinz3
Changes in the mechanical properties of dermis occur during skin aging or tissue remodeling and affect the
activity of resident fibroblasts. With the aim to establish elastic culture substrates that reproduce the variable
softness of dermis, we determined Young’s elastic modulus E of human dermis at the cell perception level using
atomic force microscopy. The E of dermis ranged from 0.1 to 10kPa, varied depending on body area and dermal
layer, and tended to increase with age in 26–55-year-old donors. The activation state of human dermal fibroblasts
cultured on ‘‘skin-soft’’ E (5 kPa) silicone culture substrates was compared with stiff plastic culture (GPa), collagen
gel cultures (0.1–9kPa), and fresh human dermal tissue. Fibroblasts cultured on skin-soft silicones displayed low
mRNA levels of fibrosis-associated genes and increased expression of the matrix metalloproteinases (MMPs)
MMP-1 and MMP-3 as compared with collagen gel and plastic cultures. The activation profile exhibited by
fibroblasts on ‘‘skin-soft’’ silicone culture substrates was most comparable with that of human dermis than any
other tested culture condition. Hence, providing biomimetic mechanical conditions generates fibroblasts that are
more suitable to investigate physiologically relevant cell processes than fibroblasts spontaneously activated by
stiff conventional culture surfaces.
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INTRODUCTION
The essential functions of the human skin depend on the
mechanical properties of the dermis that provides elasticity
and resistance to stretch. Changes in dermis mechanics occur
during intrinsic aging, photo damage, hypertrophic scarring,
and fibrosis. In addition, mechanical alterations of the dermal
extracellular matrix (ECM) influence the activity and
phenotype of residing fibroblasts. Consistently, fibroblasts
adapt the stiffness of their cytoskeleton to that of their substrate
(Tomasek et al., 2002; Solon et al., 2007; Hinz, 2010; Huang
et al., 2012). ECM stiffness determines and maintains cell
identity and influences cell proliferation, differentiation, migra-
tion, and gene expression (Janmey et al., 2009; Balestrini et al.,
2012; Swift et al., 2013). The stiffness of many tissues, but not
of normal human dermis, has been measured at the cell
perception level by indentation with atomic force microscopy
(AFM). Tissues behave relatively elastic within the small strain
ranges induced by AFM indentation, allowing to describe
tissue mechanical properties as Young’s elastic modulus ‘‘E’’
in Pascal (Pa) (Engler et al., 2007). The E of normal soft tissues
was shown to range between 0.5 kPa (brain) and 12 kPa
(muscle), whereas the E of diseased fibrotic tissues is higher
(15–100 kPa) (Discher et al., 2005).
We hypothesize that elastic culture surfaces with the
stiffness of intact dermis will better enable the study of aspects
of normal dermal fibroblast biology than nonphysiologically
stiff (GPa) tissue culture plastic (TCP) that activates fibroblasts.
First, we quantified the E of healthy human dermis using the
AFM. Next, we characterized primary adult human dermal
fibroblasts (HDFs) cultured on ‘‘dermis-soft’’ silicone sub-
strates for (1) activation into profibrotic myofibroblasts, (2)
synthesis and degradation of ECM proteins, and (3) respon-
siveness to stimulation with profibrotic transforming growth
factor-b1 (TGF-b1). HDFs grown on dermis-soft silicone
substrates displayed unique morphological and gene transcript
profiles compared with HDFs grown on conventional TCP
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culture or in three-dimensional collagen gel culture. Our data
show that culturing HDFs on dermis-soft substrates instead of
stiff TCP provides biomimetic conditions suitable to investi-
gate quiescent fibroblasts or processes such as tissue home-
ostasis and repair.
RESULTS
Stiffness measurement of human dermis at the cell perception
level
To measure the E of human dermis with the AFM, we nano-
indented hydrated sagittal sections of human breast and
abdominal skin, obtained from healthy female donors
between 29 and 66 years of age. By simultaneously perform-
ing light microscopy of the unstained sample we navigated the
AFM force probe over defined regions in the papillary and
reticular dermis (Figure 1a–c). The distribution of E values
within single 5050mm probed areas varied from minimum
values of 0.1 to maximum values of B10 kPa (Figure 1d and
Figure 2a). All data were pooled, and a histogram was
generated and fitted with a probability density estimate that
delivered the most probable (mode) E with 0.77±0.39 kPa
(Figure 2a). Discriminating the most probable E by body area
and dermis location revealed E of breast dermis with medians
of 0.82 kPa in the papillary and 1.12 kPa in the reticular
dermis (P¼0.084, n¼14; Figure 2b). The respective E medians
for abdominal dermis were 1.12 and 1.01 kPa (P¼ 0.753,
n¼6). Differences between dermal layers were not signifi-
cant; however, the papillary dermis tended toward lower E in
breast than in abdominal skin (Figure 2b, P¼ 0.102).
We next investigated donor age as a possible cause for the
high interindividual variability of E (0.4–2.3 kPa; Figure 2c–f).
The E measured for reticular dermis tended to increase with
increasing age (R¼ 0.35 for breast and R¼ 0.42 for abdomen)
but not in papillary dermis (Figure 2c and d). Grouping E
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Figure 1. Atomic force microscopy (AFM) assessment of human skin. Sagittal tissue sections (40mm) were produced from full-thickness skin biopsies and used for
AFM measurements. (a) The AFM cantilever with a 5-mm diameter spherical tip probe was navigated over papillary and reticular dermis using light microscopy. For
every sample, 1010 points were probed in a 50 50mm region. (b) Force-displacement (F-z) curves were produced over every point by plotting cantilever
deflection over controlled deformation. (c) E was calculated by fitting the contact part of force-indentation (F-d) curves using a standard Hertz model.
(d) Distribution of E and sample height within 50 50mm areas is shown in color-coded maps; scale bar¼ 10mm. (e) AFM contact images were obtained in air
using cantilevers with pyramidal tips and images were processed using a first-order plane-fit function; units are in mm.
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values by decade demonstrated an increasing stiffness trend
over age groups 26–35 (0.89±027 kPa), 36–45 (1.09±
0.51 kPa), and 46–55 (1.23±0.32 kPa) years, and a drop in
the age group of 56–65 years (0.84±0.49 kPa; Figure 2f). To
determine whether E differences between papillary and
reticular dermis of breast are possibly attributed to structural
differences, we produced high-resolution AFM surface scans
(Figure 3b–e). Dermis was clearly distinguishable from epi-
dermis with visible cell boundaries and nuclear imprints
(Figure 3c); anchoring fibrils at the epidermal–dermal
junctions were detectable at highest scanning resolution
(Figure 3c, arrowheads). Definitive detection of fibroblasts
was not possible but smooth structures and surfaces that
possibly belong to membranous cell material were occasion-
ally observed in the dermis (Supplementary Figure S1 online).
At low and medium AFM scan resolution, the papillary dermis
appeared as a heterogeneous network of fibrils (Figure 3d),
whereas the reticular dermis was more homogeneous with
large ‘‘packs’’ of bundled fibrils (Figure 3e). High-resolution
scans revealed the typical banding pattern of individual
collagen fibrils, the predominant structures visible on all
dermal surface scans. More regular collagen bundling in
conjunction with amorphous material overlaying fibrillar
collagen was causal for the smoother overall appearance of
reticular dermis (Figure 3e).
The mechanical properties of ‘‘dermal-equivalent’’ collagen gel
cultures
Fibroblast-populated collagen gel cultures are widely used as
‘‘dermal-equivalent.’’ To evaluate whether collagen gels
replicate the mechanical properties of human skin, we
assessed HDF-populated attached collagen gels over culture
time (Figure 4). AFM surface topography scans after 7 days
demonstrated HDFs at the gel surface with no pronounced
stress fibers (Figure 4a) and distinct collagen bundles only at
sites of the HDF–ECM interface (Figure 4a). Images are false-
colored in Supplementary Figure S2 online to highlight the
position of cells. In spatial heat maps of E distribution, ECM
bundles and/or HDF stress fibers correlated with regions of
higher E (0.5–2.0 kPa; Figure 4b, bright red/yellow/white)
interspaced by regions with low E (0.1–0.5 kPa; Figure 4b,
dark red/black). Summarizing the E of multiple samples,
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Figure 2. Young’s E modulus of human dermal tissue. Breast and abdomen skin sections from female donors in the age group of 29–66 years (n¼ 20) were probed
over 10 10 points in at least 3 different 50 50mm regions in the papillary and reticular dermis, respectively. (a) E values were assembled in a histogram and
fitted with a probability density estimate (black trace) to determine the most probable E of human dermis. (b) All most probable E values per donor were
discriminated by body area (breast or abdomen) and dermis location (papillary or reticular) and represented in box-and-whisker plots. On each box, the central
mark is the median, the edges of the box are the first and third quartiles, the whiskers extend to the minimum and maximum data points considered not to be
outliers, and the outliers are plotted as individual points (asterisks). Most probable E values are displayed as a function of age for (c) breast, (d) abdomen, (e) for all
values, and (f) grouped by age decade (black triangles being the median values for each decade).
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produced with cells from different donors and with fitting with
a probability density estimate, provided a most probable E of
0.19 kPa for 7-day gel cultures (Figure 4c). With increasing
stress fiber formation and ECM alignment after 21 days
(Figure 4d), the most probable E increased 2.8-fold
(0.53 kPa; Figure 4e and f). To test whether the mechanical
properties of collagen gels were reproducible in the presence
of added factors, we provided profibrotic TGF-b1. After 7 days
in the presence of TGF-b1, stress fiber formation and HDF
alignment (Figure 4g) were increased and the E of 0.50 was
B2.8-fold higher compared with nontreated control
(Figure 4h and i). After 21-day TGF-b1 culture, HDF fiber
formation further increased (Figure 4j) in conjunction with
increased E of 1.4 kPa and values ranging from 0.6 to 9.2 kPa
(Figure 4k and l). Collectively, these data show that the E of
HDF-populated collagen gels were in the same order of
magnitude as measured for human skin but increased with
culture time and treatment with TGF-b1 (Figure 4m and n).
Skin-soft silicone elastomer substrate culture inhibits activation
of HDFs
To provide mechanical conditions that do not vary with the
collagen remodeling activity of HDFs, we cultured HDFs for
7 days on collagen-coated, differently stiff elastic silicone
culture substrates. We first evaluated the formation of F-actin
stress fibers and expression of the fibroblast activation marker
a-smooth muscle actin (a-SMA; Figure 5) (Hinz et al., 2012).
HDFs grown on 1.5 kPa soft substrates were devoid of
stress fibers and were a-SMA negative (Figure 5a). On
5–15 kPa substrates, HDFs formed a-SMA-negative stress
fibers. In contrast, 8±2% of HDFs grown on 50 kPa and
12±4% on TCP culture fibroblasts were spontaneously
activated as indicated by a-SMA-positive stress fibers. In the
presence of TGF-b1, a-SMA-positive HDFs (5±2%) were also
observed on the softer 15 kPa substrates, with higher
percentages on 50 kPa (35±2%) and collagen-coated TCP
dishes (62±12%; Figure 5b). For all following experiments,
25 μm
Ep
id
er
m
is
Pa
pi
lla
ry
R
et
ic
ul
ar
70 μm
20 μm 2.0 μm
AFM surface scan resolution
0.5 μm
Figure 3. Ultra topographies of native skin. (a) Atomic force microscopy (AFM) surface scans were produced from breast skin sections over regions
defined in transmission light microscopy. (b) AFM contact images were obtained in air using soft silicon nitride cantilevers with pyramidal tips. All images were
processed using a first-order plane-fit function. Representative AFM surface scans are displayed with increasing scan resolution from left to right of (c) epidermis,
(d) papillary dermis, and (e) reticular dermis. Arrowheads point to anchoring fibrils formed between the basement membrane (dotted line) and underlying dermis.
Scale bars: (b)¼25mm, (e)¼ 20mm, 2mm, and 0.5mm.
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Figure 4. Morphological and mechanical characteristics of fibroblast-populated collagen gels. Human dermal fibroblasts (HDFs) were cultured in mechanically
restrained (attached) three-dimensional collagen gels in control conditions for (a–c) 7 days and (d–f) 21 days, and in the presence of transforming growth
factor-b1 (TGF-b1) for (g–i) 7 days and (j–l) 21 days. Shown are (a, d, g, j) atomic force microscopy (AFM) surface scans, (b, e, h, k) AFM stiffness distributions, and
(c, f, i, l, m, n) probability density estimate-fitted E values. Fittings were produced from at least three gels per condition, probed at least three times over 5050mm
regions. Scale bars¼20mm.
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we compared HDF cultures on 5 kPa soft substrates, selected
as the upper limit of normal dermis stiffness, with con-
ventional stiff TCP culture maximally inducing fibroblast
activation.
To further elucidate the effects of substrate stiffness on HDF
activation, we measured cell numbers, procollagen I secre-
tion, and ECM remodeling (matrix metalloproteinase-1 (MMP-
1) levels). After 7 days, average HDF cell numbers were
comparable between TCP-stiff and skin-soft substrate culture
(P¼ 0.173). Treatment with TGF-b1 stimulated HDF growth
by 15% on TCP-stiff and by 40% on skin-soft substrates
(P¼ 0.046; Figure 5c). Cellular procollagen production was
significantly lower on skin-soft substrates (32%, P¼ 0.028)
compared with TCP; TGF-b1 generally stimulated procollagen
secretion but to lower absolute levels in skin-soft culture (60%
of TCP; Figure 5d). Conversely, MMP-1 levels were signifi-
cantly higher in HDF cultures in skin-soft (158%, P¼ 0.028)
than in TCP-stiff culture (Figure 5e). Analyzing HDF gene
transcript levels using real-time quantitative PCR corroborated
that growth on skin-soft substrates reduced markers of acti-
vated fibroblasts, including collagen type I (Col1A1,
P¼0.046), a-SMA (ACTA2), CCN2 (CTGF), lysyl oxidase
(LOX), TGFb2 (TGFB2), and ADAMTS2 (P¼0.028, Wilcoxon
test) compared with TCP (Figure 6a). In addition, mRNA levels
of ECM genes elastin (ELN, P¼ 0.028) and collagen types III
(Col3A1, P¼0.028) and type V (Col5A1, P¼0.075) was
reduced by culture on skin-soft substrates. Conversely, gene
indicators of ECM remodeling MMP1 (P¼ 0.173) and MMP3
(P¼ 0.046) were upregulated. These data indicate that expres-
sion of markers of activated fibroblasts and fibrosis-associated
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genes are suppressed by skin-soft cultures in comparison with
conventional stiff TCP.
To determine whether HDFs grown in skin-soft cultures
remain responsive to growth factor stimulation, control and
TGF-b1-stimulated HDFs were analyzed for their mRNA level
profiles (Supplementary Table S1 online and Figure 6b, light
columns). Generally, mRNA levels of genes associated with
fibroblast activation, fibrosis, and ECM production were upre-
gulated by TGF-b1 in HDFs on skin-soft substrates, whereas
remodeling genes (MMPs) were downregulated. Gene pro-
ducts most strongly regulated by TGF-b1 were a-SMA (13.6-
fold), collagen type I (8.3-fold), CCN2/CTGF (13.6-fold),
biglycan (12.2-fold), collagen type V (6.6-fold), collagen type
VII (8.9-fold), and elastin (5.3-fold). All these changes were
B2-fold higher in skin-soft cultures when compared with
the TGF-b1-induced changes obtained in TCP-stiff culture
(Figure 6b, dark columns), indicating that HDFs on skin-soft
substrates are more responsive to TGF-b1 than in TCP culture.
HDFs cultured on skin-soft substrates exhibit a gene expression
profile similar to dermis
Finally, we compared gene transcript levels in the three
different culture models (TCP, collagen gels, and skin-soft
polymers) with gene expression levels of freshly extracted
human skin tissue. We concentrated on the genes that were
differentially regulated by substrate stiffness and TGF-b1
stimulation (Figure 6a and b). The mRNA profile of HDFs in
skin-soft culture (Figure 6c, white columns) was more similar
to that of tissue than those of collagen gel (Figure 6c, gray
columns) and TCP cultures (Figure 6c, black columns). The
same result was obtained for the mRNA levels of fibrosis-
associated genes (a-SMA, Adamts2, collagen type I, and
CCN2/CTGF; Figure 6c, dotted rectangle) with the exception
of LOX, and all ECM genes (collagen types III, V, elastin, and
fibrillin 1) with the exception of collagen VII and dermato-
pontin (Figure 6c). The mRNA levels of genes coding for
TGFb2, collagen types III, and V were reduced in skin-soft
HDF cultures compared with tissue HDF but increased in
collagen gels and TCP-stiff cultures. Downregulation of
collagen type VII and upregulation of fibronectin, MMP-1,
MMP-3, and TIMP-1 with respect to dermis was comparable
in all culture conditions (Figure 6c).
DISCUSSION
Culturing HDFs on silicone substrates with the softness of
dermis but not TCP or collagen gels produces a protein and
mRNA profile resembling that of normal dermal tissue, i.e.
low expression levels of ECM- and fibrosis-related genes and
proteins. These results are consistent with studies demonstrat-
ing that mesenchymal stem cells, different fibroblasts, and
hepatic stellate cells all remain inactive on normal tissue soft
culture substrates (Klein et al., 2009; Winer et al., 2009; Olsen
et al., 2011; Wang et al., 2012). Although HDFs retain low
activity on skin-soft substrates, they continue to proliferate and
show upregulation of MMP-1 and MMP-3, indicating that the
culture conditions established in our study only approximate
HDF quiescence in normal dermis. One advantage of this low
activation state is the increased responsiveness of HDF to
growth factors, consistent with studies reporting that the mech-
anical environment modulates the growth factor responses of
fibroblasts (Grinnell and Ho, 2002; Chiquet et al., 2009; Chan
et al., 2010; Liu et al., 2010), mesenchymal stem cells (Kim
et al., 2009; Park et al., 2011), and vascular smooth muscle
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Figure 6. The mRNA-level profiling of human dermal fibroblast (HDF) and
dermal tissue. HDFs were cultured for 7 days in the presence and absence of
transforming growth factor-b1 (TGF-b1) on silicone elastomer substrates with E
representing soft skin (5 kPa) and stiff tissue culture plastic (TCP). The mRNA
levels were quantified using real-time quantitative PCR (qRT-PCR) and relative
quantification (RQ) values are displayed as averages±SD from cells (n¼6) or
dermal tissue (n¼ 10) obtained from different donors and experimental
triplicates. Compared are mRNA-level differences between (a) skin-soft silicone
culture substrates and stiff TCP, (b) skin-soft and TCP cultures after TGF-b1
treatment compared with the respective untreated controls, and (c) between
human dermis samples and HDFs grown in three different culture models
(skin-soft silicone, TCP, and collagen gels). Displayed are 18 genes that were
upregulated 42.5-fold or downregulated o0.3-fold in skin-soft culture by
TGF-b1 treatment.
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cells (Brown et al., 2010). We show that the relative
upregulation of fibrosis-associated and ECM genes by TGF-
b1 was higher in skin-soft than in TCP-cultured HDFs. This
difference was not because of higher absolute levels but due
to the lower baseline mRNA levels on skin-soft substrates in
the absence of TGF-b1.
The constant E of silicone substrates ensures reproducible
mechanical conditions in different experimental conditions. In
contrast, the mechanical properties of collagen gel cultures
vary because of active remodeling by the populating fibro-
blasts (Tomasek et al., 2002; Grinnell and Petroll, 2010;
Follonier Castella et al., 2010b). The E of cell-free regions of
1–2 mg ml1 collagen gels measured with AFM in our
experiments and rheometry (Barocas et al., 1995; Leung
et al., 2007) is in the range of skin stiffness with 0.1–1.0 kPa.
However, HDFs remodel and stiffen collagen gels byB3-fold
over 21 days, and this is amplified by addition of TGF-b1.
Because high collagen stiffness activates fibroblasts (Arora
et al., 1999; Hinz, 2006), attached collagen gels are rather
suitable to study aspects of wound healing and fibrosis
(Tomasek et al., 2002; Carlson and Longaker, 2004; Dallon
and Ehrlich, 2008; Grinnell and Petroll, 2010). Collagen gel
compaction also leads to changes in fibril density and scaffold
pore sizes, affecting diffusion/convection of nutrients, gas
exchange, and cell migration (Shieh et al., 2011; Wolf et al.,
2013). Two-dimensional elastic substrates cannot reproduce
these aspects that are relevant for a three-dimensional tissue
environment. However, they allow to discriminate between
fibroblast responses to mechanical and structural changes in
the ECM.
To provide physiologically relevant mechanical culture
conditions, it is important to consider and measure tissue
stiffness at the cell perception level. We here used the AFM
with a force probe tip diameter of 5mm and indentation of
300–400 nm, corresponding to fibroblast–ECM contact areas
(B10mm2) and subcellular contraction-mediated deforma-
tions (Hinz, 2010; Follonier Castella et al., 2010a). At this
level, the E measured for dermis is seemingly low in order of
magnitude similar to the gelatin food product commonly
known as ‘‘Jell-O’’ (B1 kPa). However, our values are in the
same range than those measured with AFM for rodent dermis
(0.3–20 kPa) (Petrie et al., 2012). In contrast, measuring
the E of whole human skin with ultrasound, cutometry,
suction, indentation, or torsional methods delivered
considerably higher E of 30–10,000 kPa with high variations
between studies (Diridollou et al., 2000; Silver et al., 2001;
Jachowicz et al., 2007; Akhtar et al., 2011). The discrepancy
between macroscopic and AFM skin measurements can be
explained by several facts: (1) Different methods produce
different absolute E because they assess different material
properties, including shear modulus (which can be converted
into E), extension stiffness, elasticity, viscoelasticity, and
viscoplasticity that are probing speed dependent (Janmey
et al., 2007). (2) Elasticity measurements of tissues strongly
depend on the scale of deformation. Biological polymers
stiffen with increasing strain already with micrometer
extensions (Wu et al., 2003; Storm et al., 2005). Different
protein structures such as the fibrillin, elastin, and fibrillar
collagen networks are increasingly engaged at larger defor-
mations to protect tissue from damage (Greenwald, 2007). (3)
Macroscopic methods to measure skin elasticity usually
include the stratum corneum and epidermis that significantly
contribute to skin mechanics (Kendall et al., 2007). It is
unclear if any of these factors or specific properties of the
mouse ear skin can explain the high dermis stiffness
(B10,000 kPa) measured by Kendall et al. (2007) using the
AFM (Crichton et al., 2011). With an identical approach and
tissue, Petrie et al. (2012) measured B1,000-times lower E of
0.3–20 kPa.
Another relevant aspect interfering at the cell perception
level is the tissue structure that is actually measured. High-
resolution AFM scans of the dermal structure revealed densely
packed collagen fibers with typical D-banding pattern and
characteristic basket-weave arrangement (Graham et al.,
2010). The longitudinal extension modulus and radial
indentation moduli of single collagen fibers measured with
the AFM are 1–2 GPa (Heim et al., 2006; Shen et al., 2011)
that is million times stiffer than the values measured in our
study. Indentation of hydrated skin sections rather assesses the
recoil force of collagen fibers being pushed into the underly-
ing ground substance of hyaluronic acid and proteoglycans
(Naylor et al., 2011). This may explain why the E of dermis
tended to increase with age in the 26–55-year-old group
without obvious changes in the collagen structure. Chronolo-
gically aged skin exhibits dermal changes that may account for
the increase of AFM stiffness within this age range: (1) increase
of collagen crosslinks (Yamauchi et al., 1988); (2) decrease of
hyaluronan and dermatan sulfate (Longas et al., 1987; Oh
et al., 2011) that would reduce the buffer substance of dermis
and engage stiff collagen fibrils already at smaller
deformations induced by AFM indentation; and (3) increase
of collagen glycation (Verzijl et al., 2000; Jeanmaire et al.,
2001). We exclude extrinsic aging to contribute to stiffness
changes in our study as we purposely selected body areas that
are largely UV protected. Consequently, we did not observe
structural damages reported by AFM surface scanning of
subjects aged 480 years (Quan et al., 2011).
In conclusion, culturing HDFs on elastic polymer substrates
with the E of normal dermis preserves certain features of
quiescent fibroblasts by simultaneously allowing cell prolif-
eration and growth factor responses. By tuning the culture
substrate stiffness, it will be possible to study in vitro the
effects of stiffening changes of human dermis (e.g., by aging)
on selected aspects of fibroblast physiology. It is conceivable
that adapting the E of cell culture substrates to the desired
in vivo stiffness will improve the validity of cell-based drug
tests (Chen and Simmons, 2011; Mih et al., 2011).
MATERIALS AND METHODS
Skin biopsies and cell culture
For mRNA-level analysis and AFM measurements, human adult skin
tissue was collected from a total of 20 female and 20 male donors
(age groups 18–34 and 60–80 years) in the framework of a clinical
study. For all human skin probes, oral and written informed consent
were obtained from all subjects in accordance with the Declaration of
Helsinki Principles and the study was approved by the Ethics
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Committee, Hamburg (PV2992). Primary adult HDFs were obtained
by outgrowth from full-thickness abdominal skin biopsies from at least
six donors and cultured as previously described (Sta¨b et al., 2000)
(Supplementary Materials and Methods online). Deformable poly-
dimethylsiloxane silicone (Dow Corning, Midland, MI) substrates
were prepared with varying stiffness to mimic the elastic range of
normal (1–10 kPa) and fibrotic (15–50 kPa) dermis (Goffin et al.,
2006). Soft silicone substrates became commercially available
(Excellness Biotech SA, Lausanne, Switzerland) during the course of
this study and used with identical results. Substrate surfaces were
coated with 0.2mg cm 2 rat tail collagen type I (Sigma-Aldrich,
St Louis, MO). The E of silicone substrates was measured with the same
method as described for dermal tissues below. Experimental HDFs
were grown in medium supplemented with 2% fetal calf serum for
7 days. In selected experiments, 5 ng ml 1 TGF-b1 (Sigma-Aldrich)
was added for another 48 hours. HDF culture supernatants were
analyzed for procollagen and MMP-1 levels using the procollagen
type I C-Peptide ELISA Kit (Takara Bio, Otsu, Japan) and the MMP-1
ELISA Kit (Calbiochem, Darmstadt, Germany); all data were
normalized to cell counts. For real-time quantitative PCR, cells
were harvested by trypsinization and processed (see Supplementary
Materials and Methods online). HDF-populated collagen gels were
produced with 2.7 105 HDFs, mixed into 1.6 mg ml 1 rat tail
collagen type I (Sigma-Aldrich), and kept attached to the culture dish
during the entire incubation time (Hinz et al., 2001).
AFM measurements
For AFM measurements, full-thickness skin biopsies were obtained
from breast and abdomen of 20 female donors (29–66 years old) who
underwent plastic surgery. We used an AFM (Nanowizard II, JPK
Instruments, Berlin, Germany), mounted onto the stage of an inverted
microscope (Axiovert 200M, Zeiss, Oberkochen, Germany). To
measure the E of dermis, hydrated 40mm tissue sagittal cryosections
were tested (Supplementary Materials and Methods online). The AFM
cantilever with spring constant of 0.02 N m 1 and a 5-mm diameter
glass spherical particle attached to the tip (Novascan, Ames, IA) was
navigated over the tissue aided by light microscopy (Figure 1a).
Controlled deformations were applied to the sample and the com-
pressive feedback forces were measured through cantilever deflection
(Figure 1b). Force-displacement (F-z) curves were produced by
translating cantilever deflection (d) into force (F) by means of F¼ kd,
where k is the cantilever spring constant (Figure 1c). E of the probed
material was calculated by fitting the contact part of the measured
approach force curves to a standard Hertz model for a spherical
indenter (tip) of radius R (Supplementary Materials and Methods
online) (Frey et al., 2007). Strictly, the Hertz model is only applicable
for elastic and incompressible homogeneous material (Poisson’s ratio
of 0.5). However, E is generally accepted as a measure for the
mechanical properties of tissues upon small strains, which is the case
for AFM indentation and cell-induced deformations (Engler et al.,
2007). On every skin sample, 10 10 points were probed in
50 50mm sample regions; at least 3 different regions were
assessed per sample in the papillary and reticular dermis,
respectively. To obtain a minimum of 250 force-displacement
curves per area, F-z curves with no obvious contact point or clear
artifacts were discarded (Figure 1a). To test whether AFM probing
alters the elastic behavior of the tissue, single points were repeatedly
indented in preliminary experiments. The variation between
subsequent force-distance curves was negligible (Buscemi, unpub-
lished results). Local variations in dermis stiffness were shown in
color-coded force maps (Figure 1d). All samples were histologically
stained (hematoxylin and eosin) after AFM probing to identify
stiffness-tested regions (Figure 1a). To characterize the nano-structure
of skin dermis, AFM contact images were obtained in air using silicon
nitride cantilevers with spring constant of 0.06 N m 1 and pyramidal
tips of 30 nm curvature radius (Microlever D, Veeco, Santa Clara, CA)
(Supplementary Materials and Methods online). All images were
processed using AFM software (JPK Instruments) to eliminate tilt in
the scans (Figure 1e).
Immunofluorescence staining and gene expression analysis
Cultured HDFs were immunostained for a-SMA (aSM-1, kind gift
from Dr G Gabbiani, University of Geneva, Geneva, Switzerland) and
probed with anti-mouse Alexa568-conjugated IgG2a secondary anti-
bodies, phalloidin-Alexa488 (Invitrogen, Carlsbad, CA), and 4’,6-
diamidine-2-phenylindol (Sigma-Aldrich) (Supplementary Materials
and Methods online). Images were acquired with an inverted
microscope (Axiovert 135; Carl Zeiss) equipped with a charge-
coupled device camera (Orca R2, Hamamatsu, Quorum Technolo-
gies, Guelph, ON, Canada) and figures assembled using Adobe
Photoshop (Ottawa, Ontario, Canada). The percentage of myofibro-
blasts was determined by manual counting of cells with a-SMA-
positive stress fibers and nuclei from at least five image fields per
condition in triplicates. RNA was obtained from skin, cultured
fibroblasts, and fibroblast-populated collagen gels according to
standard procedures and mRNA levels were analyzed using real-time
quantitative PCR (7900HT, Applied Biosystems, Foster City, CA) using
primers as listed in the Supplementary Materials and Methods online.
A customized TaqMan low-density array was used to probe for 48
genes associated with fibrosis and tissue remodeling (Supplementary
Table S1 online). To analyze relative changes in gene expression
between two experimental conditions, the relative quantification (RQ)
parameter was determined from the delta Ct-values (DCt) according to
the formula: RQ¼ 2–(DCt treated–DCt control).
Statistics
Statistical analysis was performed based on two-sided hypotheses
using a significance level of 0.05 (a). As nonparametric method, the
Wilcoxon test was used for paired comparisons (Statistica Software,
StatSoft, Tulsa, OK). For nonpaired comparisons, Student’s t-test was
used (MS Excel). Linear correlation coefficient R was calculated with
MS Excel.
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